Abstract: Since the late 1950s, a wastewater stream contaminated with mercury has discharged into a seawater impoundment next to a sodium pentachlorophenate ͑NaPCP͒ manufacturing plant that utilized mercury electrodes to oxidize salt water to produce chlorine gas in the process of making NaPCP. It is well known that methylmercury ͑MeHg͒ can be formed through biotransformation, and be bioaccumulated via the food chain in a mercury-contaminated environment. In this study, nine water, nine sediment, and ten fish samples were taken from the nearby watercourses for the quantification of total mercury ͑T-Hg͒ and MeHg. T-Hg was determined using cold-vapor atomic absorption spectrometry, and MeHg was determined using gas chromatography with electron capture detection. We found that T-Hg concentrations were between Ͻ1 g / L and 11.6 g / L in water, and between 0.8 g / g and 157 g / g dry weight ͑wt.͒ in sediment. We did not detect MeHg in water, but we did detect it in sediment in concentrations between Ͻ2 ng/ g and 12.7 ng/ g dry wt. The concentrations of MeHg in fish muscle were between Ͻ4 ng/ g and 174.4 ng/ g dry wt. Based on the partition between fish tissue and sediment, the calculated biota-sediment accumulation factors for MeHg in fish were between 0 and 26.67. This finding also showed that the levels of MeHg in fish tissue corresponded with the spatial distribution of MeHg in sediment. In this study, none of the captured fish reached the World Health Organization's toxic-fish threshold of 0.3 g / g for MeHg. However, the health risk for people who frequently eat fish from the seawater impoundment should be carefully monitored and controlled.
Introduction
Mercury has been known to be toxic for many centuries. It is found in a large number of miscellaneous sources, including discarded batteries, broken thermometers, fungicides, amalgam tooth fillings, and several pharmaceutical products. Additional significant sources of mercury are ore-processing runoff, pulpprocessing wastewater, basic chlorine-processing wastewater, and paint industrial waste.
Mercury released into the environment can be present in elemental ͑Hg 0 ͒, inorganic ͑Hg + , Hg 2+ ͒, and organic forms. Elemental mercury is volatile and easily absorbed by the lungs, and inorganic mercury can harm the kidneys after entering the body. Organomercury can enter the central nervous system and cause neurological disorders. Elemental and ionic mercury can be converted into organomercury compounds, which are more toxic than elemental or ionic forms.
Once introduced into the environment, mercury probably presents as a highly insoluble mercury sulfide ͑Tomiyasu et al. 2000͒ , which is easily retained in sediment and becomes a source for the aquatic food chain. Microbiological activity converts mercury into methylmercury ͑MeHg͒, which leads to its bioaccumulation in aquatic communities that ingest it in contaminated food and directly adsorb it from the water. The consumption of mercury-contaminated fish may directly affect human health. Several studies have pointed out that sulfate-reducing bacteria are capable of methylating mercury in lake water and sediment ͑Benoit et al. 1999a ; Matilainen 1995͒ . Also, periodic wetting and drying of sediment was found to be favorable to the formation of MeHg ͑Roulet et al. 2001͒ .
Many cases of mercury pollution have been reported in Brazil ͑Akagi et al. 1995͒, China ͑Horvat et al. 2003͒, Japan ͑Tomiyasu et al. 2000͒, Slovenia ͑Kotnik et al. 2000 Faganeli et al. 2003͒ , and the U. S. ͑Bonzongo et al. 1996; Warner et al. 2005͒ . The mercury input might have come from a mixture of sources, including atmospheric deposition, mining activities, ore processing, coal burning, and industrial discharges. Japan ͑Irakayama 1966͒ and Iraq ͑Dakir et al. 1973͒ have experienced toxic incidents of mercury contamination. The major source of mercury pollution in Taiwan is the mercury electrolytic cell process; and the wide use of mercury in industrial processing here, fortunately, has not caused tragedies, such as those in Japan or Iraq. In Japan's Minamata Bay disaster, MeHg poisoning killed more than one hundred people and paralyzed several thousand residents who ate contaminated fish ͑Kudo et al. 1998͒. This tragedy taught us that MeHg in aquatic ecosystems enters the food chain and threatens both humans and wildlife.
Although the bioaccumulation of MeHg in fish is well known, the present study uses an abandoned sodium pentachlorophenate ͑NaPCP͒ manufacturing plant as a case study to illustrate the principal public concern with the presence of MeHg in the environment. Even though nearly 30 years have passed since the study site ceased spewing mercury-contaminated discharge into the local aquatic environment, mercury in the surficial sediment needs to be identified. Research in Japan revealed that the mercury discharged into the Minamata River and Bay was not fixed in the sediment but had been transported in the Yatsushiro Sea for over 30 years ͑Tomiyasu et al. 2000͒ . The site analyzed in this study is a semiclosed watercourse that allows only a limited tidal recharge. The sedimentary and aqueous concentrations of total mercury ͑T-Hg͒ and MeHg, within the historically mercurycontaminated impoundment and a few adjacent watercourses, were determined to characterize their spatial distribution and to elucidate the transport pathway of discharged mercury over a long period. In order to be aware of the potential health risk posed by MeHg associated with fish consumption, the investigation also covered MeHg concentrations in fish tissue.
Materials and Methods

Study Area
An abandoned NaPCP manufacturing factory, located along Luerhmen Creek near its estuary into Taiwan Strait, was selected as study site. Chloralkali processing was initiated in 1942, and NaPCP manufacturing continued until 1964. The manufacture of NaPCP was conducted via electrophilic chlorination of phenol by chlorine gas, which was supplied by the electrolysis of seawater provided by a tidal recharge from a trench between the seawater impoundment and Luerhmen Creek. A mercury electrode was used in the electrolysis process conducted in the northern part of the factory. Once the seawater became dilute, the mercurycontaining solutions in the electrolytic reactor had to be discarded, and the effluent was subsequently discharged into the seawater impoundment. A loss rate of 0.2 kg Hg/ ton of chlorine produced has been reported ͑Szucs and Oostdam 1977͒, and the total estimated loss of Hg in the study area for the period of 1947-1977 was approximately 21,022 kg. Although the production of NaPCP ceased in the late 1970s, the mercury released from the waste electrolyte has resided in the sediments for nearly thirty years. Within the seawater impoundment, a water pump was installed to suck water to the nearby Shee-Tsao Wild Bird Reserve. The movement of sediment in Luerhmen Creek was determined by the tidal flow, while the transport of the sediment in the seawater impoundment was strongly affected by water pumping.
Sample Collection
Sampling sites were chosen to determine the spatial variability of mercury in the sediments and waters around the NaPCP manufacturing plant. The eleven selected sampling sites ͑Fig. 1͒ include five from the seawater impoundment, three from the nearby fishponds, and three from Luerhmen Creek. A single-gravity corer sampler was used to collect surface sediment samples from the riverbed and the impoundment. The water samples were collected at the same site just before sediment sampling to prevent disturbance from settled particle resuspension. In addition, eleven fish samples-four fish from the seawater impoundment, four fish from the fishponds, and three fish from Luerhmen Creek-were separately prepared. All water, sediment, and fish samples were collected during February and April, 1999.
Analysis of T-Hg
T-Hg levels in the water and the sediment were determined based on standard methods NIEA W330.51A and NIEA M317.01C published by the Environmental Analysis Laboratory, Taiwan EPA ͑NIEA 2003; 2002͒. The samples were first acid digested and analyzed using cold-vapor-absorption spectrometry. The reliability and consistency of the T-Hg analysis were checked using parallel analyses of a quality control ͑QC͒ standard sample, a standard-spike sample, and a blank sample from each batch. The recovery values for QC samples were 92.5% for water and 97.8% for sediment, and for spike samples were 106% for water and 103% for sediment. A duplicate analysis was conducted to check the reproducibility of the analysis with the batch. The RSDs were 1.4% and 1.2% for water and sediment, respectively.
Analysis of MeHg
To measure MeHg in water, 10 ml of the water samples was first adjusted to pHϽ 2 using hydrochloric acid, and then extracted three times using 3 ml of toluene. The prepared aqueous extracts were subjected to gas chromatography associated with electron capture detection ͑GC/ECD͒. To measure MeHg in sediment, the sediment samples were dried, extracted, and then purified as described elsewhere ͑Pan and Wu 1993a, b͒. To measure MeHg in fish tissue, we used the standard method ͑NIEA C501.00T͒ published by the Environmental Analysis Laboratory, Taiwan EPA ͑NIEA 1994͒. MeHg was extracted using benzene, dehydrated using sodium sulfate, and analyzed using GC/ECD. Measurements were done using a gas chromatograph ͑Varian 3800͒ equipped with an electron-capture detector, an autosampler, and a J&W Scientific DB-5 capillary column ͑30 mLϫ 0.32 mm inner diameter͒ under the following operating conditions: N 2 carrier gas and 5% CH 4 + 95% Ar makeup gas at 2.2 mL/ min, 2 L injection volume, an injector temperature of 210°C, and a detector temperature of 300°C. The column was isothermal at 60°C for 1.5 min and ramped at 10°C / min to 200°C. The peak of MeHg appeared at 6.7 min on the chromatogram with 23 min of total run time. None of the analysis blanks were detected compared with the detection limits of 4 g / L in water, 20 ng/ g in sediment, and 4 ng/ g in fish tissue. A QC standard and a spike sample were analyzed with the batch for QC and quality assurance ͑QA͒. QA/QC results were judged to be reasonable. The recovery values for QC samples were 117% for water and 51.7% for sediment, and for spike samples were 125% for water and 53.2% for sediment. A duplicate analysis showed an RSD of 8.4% for fish, and the recoveries were 111.8% for the QC standard and 107.5% for the spike sample.
Results and Discussion
The collected samples were subjected to T-Hg and MeHg analyses. Aqueous concentrations of T-Hg ranged from 1 g/L ͑the minimal detection limit͒ to 11.6 g / L within the seawater impoundment, and high values of T-Hg were found in the south of the seawater impoundment ͑SI 3 and SI 5͒ ͑Table 1͒. Most of the water samples collected from the seawater impoundment exceeded an aqueous T-Hg concentration of 2 g / L, which is the maximum concentration considered nonthreatening to human health, according to the Taiwan EPA. The highest aqueous T-Hg concentration was more than five times greater than the allowable maximum threshold for the protection of human health in Taiwan. In the nearby fishponds, there was no detectable T-Hg in water.
T-Hg concentrations in water were expected to be partly dependent on bed sediments; therefore, the high levels of sedimentary T-Hg were expected on the south of the seawater impoundment. Bed sediments at Luerhmen Creek had T-Hg concentrations ranging from 1.99 mg/ kg to 6.24 mg/ kg, with a slightly decreasing trend downstream. T-Hg concentrations of surface bed sediments at Luerhmen Creek, however, were even higher than those reported for the Yatsushiro Sea ͑Kudo et al. 1998; Tomiyasu et al. 2000͒ , notorious for the Minamata mercury pollution in Japan. Because the sampling site was near the estuary of Luerhmen Creek, the decreasing trend in the spatial distribution of mercury might be attributable to the tidal movement of settled particles that may adsorb mercury. Sediments collected from the nearby fishponds showed T-Hg concentrations between 2.50 mg/ kg and 7.03 mg/ kg.
In accordance with our expectations, the sediment samples collected from the seawater impoundment contained extremely high T-Hg concentrations. Furthermore, these high Hg-containing sediments SI-1 ͑29.7 mg/ kg͒, SI-2 ͑128 mg/ kg͒, and SI-5 ͑157 mg/ kg͒ exceeded the 20 mg/ kg soil-pollution control standard established by the Taiwan EPA. As shown in Fig. 2 , the randomly sampled sediments from the seawater impoundment had a 50% probability of being contaminated with mercury. This finding demonstrated that the Hg-containing discharge from the NaPCP plant has seriously contaminated the seawater impoundment. Fortunately, however, the mercury contamination is not widespread: the samples from Luerhmen Creek and the nearby fishponds did not exceed the soil pollution control standard.
Because of the lipophilic characteristic of MeHg, it was not surprising that none were detected in all water samples. Within the sediment of Luerhmen Creek; a relatively high MeHg concentration of 10.8 ng/ g was measured at LC-2, where an intake trench was established to allow water exchange between Luerhmen Creek and the seawater impoundment. This finding suggested that Hg-containing colloids could have been transported to Luerhmen Creek; but, fortunately, MeHg contamination in the bed sediment was limited only to the channel section near the intake of the seawater impoundment. A moderate level of MeHg ͑6.4 ng/ g and 4.7 ng/ g͒ was found in the nearby fishponds, which are on the east and south sides of the seawater impoundment.
There is a discrepancy in the spatial distribution of MeHg concentrations in sediment at the sampling sites within the seawater impoundment. Higher MeHg concentrations were found in the northeastern ͑12.7 ng/ g at SI-1͒ and the southeastern ͑12.3 ng/ g at SI-5͒ corners, where the water flow is limited, thereby causing the mercury to accumulate in the sediment. It is still uncertain which levels of T-Hg concentration could result in maximum MeHg production, and we found no linear relationship between sedimentary MeHg and T-Hg concentrations. The highest values for the MeHg/ T-Hg ratio were found at sampling points LC-2 and SI-3 ͑Fig. 3͒, where an intake trench offered tidal transport between Luerhmen Creek and the seawater impoundment. Several studies have pointed out that the sulfide concentration could be a limiting factor for mercury methylation ͑Benoit et al. 1999b͒, and that potential mercury methylation rates are positively correlated with sulfate reduction rates ͑Stamenkovic et al. 2004͒. Thus, a reasonable deduction is that the replenishment of sulfate from seawater created an optimum sedimentary environment for mercury methylation at LC-2 and SI-3. It was surprising, however, that we found no MeHg despite the extremely high concentration of T-Hg at SI-2. The lack of mercury methylation might be ascribable to the constraint of sulfide concentration or sulfate-reducing micro-organisms that is most likely linked to the pumping activity near SI-2. The pumping activity might transport suspended colloids and redistribute mobile MeHg, and thus affect the MeHg/ T-Hg ratio in the sediment.
Mercury is acutely toxic to freshwater fish: They die from concentrations of approximately 30 g/L ͑Boening 2000͒. Fortunately, this acute nominal T-Hg concentration has not been reached in the sampled waters. Fish cannot methylate mercury in vivo ͑Ikingura and Akagi 1999͒, but MeHg can accumulate in fish tissue through the food chain. Most fish samples in this study had MeHg concentrations ranging from 4.2 ng/ g to 174.4 ng/ g. The fish samples from the north fishpond and Luerhmen Creek had low levels of MeHg, but the samples from the south fishpond and the seawater impoundment had high levels ͑Fig. 4͒. The levels of MeHg in fish tissue were correlated with the spatial distribution of MeHg in sediment. In addition, the level of MeHg in fish tissue was several times larger than that in sediments due to the effect of bioaugmentation ͑Fig. We also found a rough trend of increasing MeHg in fish tissue with increasing fish length ͓Fig. 5͑a͔͒. This sketchy trend, however, became vague when looking at the weight of fish ͓Fig. 5͑b͔͒. Our results implied that length is a better proxy than weight for the age of fish. A closer inspection of the data revealed that the slopes of the incremental trend were slightly less for fish with lower concentrations of MeHg; namely, the samples from the north fishpond and Luerhmen Creek. An aquarium experiment reported that the partition coefficient for MeHg between fish and water was between 10,000 and 22,000 ͑Ikingura and Akagi 1999͒. Our results agree with this positive linear relationship for MeHg between fish and water, but the maximum calculated aqueous concentration of MeHg we found was only 0.017 g / L, which was much less than our minimum detection limit. The ratio of MeHg concentration in fish tissue to its concentration in the surrounding water is called the bioconcentration factor ͑BCF͒. The BCF is also a measure for the characterization of the accumulation of a pollutant in an organism. MeHg was either present at an undetected level or absent in the surrounding water, and thus BCF values might not have been accurately calculated based on the partition relationship. However, the concentration ratio of MeHg between fish tissue and sediment imply the bioconcentration potential of MeHg in fish. The BSAF was calculated by dividing the mean concentration of MeHg in fish tissue by the average MeHg concentration in the sediment. The calculated BSAFs for MeHg in fish, based on measurements from two to five samples from each sampling region, were highest in the seawater impoundment ͑10.12 to 26.67͒ ͑Fig. 6͒. This implied that the bioaccumulation effect in fish was significant when they were exposed to a high level of sedimentary T-Hg. A remarkable level of BSAF was also found in the south fishpond ͑19.17± 1.03͒, even though its sedimentary concentration of T-Hg was not relatively high. According to the historic record, the south fishpond was inundated during typhoons-frequent in Taiwan-which offers persuasive evidence that the runoff caused some of the pollutant transport. The levels of MeHg in fish tissue corresponded with the spatial distribution of MeHg in sediment. Based on the calculated BSAFs for MeHg in fish, the contaminated fish were primarily limited to the seawater impoundment and the south fishpond.
Public health concerns about the intake of MeHg by eating fish from the seawater impoundment should be evaluated. The fish from the seawater impoundment, with its mercury-contaminated sedimentary environment, had a mean MeHg concentration of 112.6 ng/ g. MeHg can accumulate preferentially over time in fish muscle tissue to about 50% of the dose ͑WHO 1989͒. The World Health Organization ͑WHO͒ adopted 0.5 g / g as the permissible limit for T-Hg and 0.3 g / g for MeHg ͑WHO 1990͒. In the present study, the MeHg concentrations of none of the fish samples reached these thresholds; therefore, they cannot be considered toxic. The U.S. Environmental Protection Agency ͑EPA͒ proposed a 30-g / day maximum intake of MeHg for a person weighing 70 kg ͑U.S. EPA 1984͒. This limit is approached or exceeded by individuals eating 266 g / day of fish from the seawater impoundment. The average rate of fish consumption in Taiwan is normally around 65 g / day, but it might be much higher for some groups of people, such as fishermen, fishmongers, and coastal residents. The health risk caused by ingesting MeHg for anyone who frequently eats fish from this seawater impoundment should be carefully controlled. We still sometimes find people fishing or netting in the seawater impoundment, and their captures might be served as free meals or sold in the market. From a public health perspective, there is a special need to eliminate those contaminated fish in the seawater impoundment as well.
Conclusion
The discharged effluent from chloralkali processing created a mercury-containing stream in southern Taiwan several decades ago, and we found mercury contamination still retained primarily in the studied seawater impoundment. The aqueous T-Hg concentration in the seawater impoundment exceeded the Taiwan EPA's environmental standard for the protection of human health. In addition, sediment samples collected from the seawater impoundment showed that there might be a 50% possibility of Hg levels exceeding the 20-mg/kg soil pollution control standard established by the Taiwan EPA. A detectable level of MeHg in sediment implied the methylation of mercury in a highly Hgcontaminated environment. This finding showed that the levels of MeHg in fish tissue corresponded to the spatial distribution of MeHg in sediment, and that the levels of MeHg in fish were several times higher than in sediment due to the effect of bioaugmentation. The bioaccumulation effect in fish was significant in the seawater impoundment based on a high level of the calculated BASF. Although the fish from the seawater impoundment had a mean MeHg concentration that was only 38% of the WHO's permissible limit, the U.S. EPA's maximum daily intake limit of MeHg could be exceeded by anyone eating a minimum of 266 g of fish per day from the seawater impoundment. Fortunately, no Minamata disease has been found in the neighborhood, but the cancer risk here is the highest in Taiwan. In addition to mercury pollution, the seawater impoundment was contaminated with pentachlorophenol and dioxin. Therefore, the high cancer risk in the study area may not be directly caused by methylmercury poisoning, even though is it definitively linked to the consumption of MeHg-, PCP-, and dioxin-contaminated fish from the seawater impoundment in particular.
Also, because the seawater impoundment serves as a water source for the Shee-Tsao Wild Bird Reserve in Tainan City, it offers a route for Hg uptake in the drinking water for the wildlife in this habitat. The stream supplying this water might contain 2 g / L T-Hg; therefore, pumping water from the seawater impoundment might cause further migration of mercury contamination. Despite the concerns regarding the levels of MeHg found in fish, the transport route of mercury contamination should be specifically defined and assessed. The black-faced spoonbill, one of the world's rarest birds, migrates to this region every winter; thus, another concern arises for these migrating birds exposed to the risk of Hg uptake via the food chain.
